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Abstract: The biotic integrity of the Guayas River basin in Ecuador is at environmental risk due to
extensive anthropogenic activities. We investigated the potential impacts of hydromorphological
and chemical variables on biotic integrity using macroinvertebrate-based bioassessments. The
bioassessment methods utilized included the Biological Monitoring Working Party adapted for
Colombia (BMWP-Col) and the average score per taxon (ASPT), via an extensive sampling campaign
that was completed throughout the river basin at 120 sampling sites. The BMWP-Col classification
ranged from very bad to good, and from probable severe pollution to clean water based on the
ASPT scores. Generalized linear models (GLMs) and sensitivity analysis were used to relate the
bioassessment index to hydromorphological and chemical variables. It was found that elevation,
nitrate-N, sediment angularity, logs, presence of macrophytes, flow velocity, turbidity, bank shape,
land use and chlorophyll were the key environmental variables affecting the BMWP-Col. From the
analyses, it was observed that the rivers at the upstream higher elevations of the river basin were in
better condition compared to lowland systems and that a higher flow velocity was linked to a better
BMWP-Col score. The nitrate concentrations were very low in the entire river basin and did not relate
to a negative impact on the macroinvertebrate communities. Although the results of the models
provided insights into the ecosystem, cross fold model development and validation also showed that
there was a level of uncertainty in the outcomes. However, the results of the models and sensitivity
analysis can support water management actions to determine and focus on alterable variables, such as
the land use at different elevations, monitoring of nitrate and chlorophyll concentrations, macrophyte
presence, sediment transport and bank stability.
Keywords: generalized linear models; sensitivity analysis; bioassessments; biotic integrity
management; Guayas River basin
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1. Introduction
Water quality monitoring involves the measurement of different water quality variables, including
physical and chemical conditions, sediment and the biological composition of an aquatic system.
Monitoring allows managers to maintain a good water quality by enabling them to make necessary
decisions and to take actions prior to ecosystem degradation. As it is more sustainable to keep a clean
environment compared to restoring a polluted one [1], monitoring thus plays a crucial role in water
quality management.
Agriculture, urban settlements, irrigation and industries are examples of anthropogenic
threats that may change the ecological water quality [2,3]. Generally, agricultural land use and
hydromorphological alteration negatively affect species richness and the ecological quality of aquatic
communities. Agriculture can alter rivers and riparian integrity, habitat quality and bank stability.
Anthropogenic alteration of flow regimes, such as dam constructions, can affect aquatic organisms
since they cannot tolerate rapid changes in flow [4]. Agricultural areas often show nutrient enrichment
in rivers [4,5], which can increase the biomass of algae. This condition will consequently cause a
decrease of oxygen levels in the water and alter the habitat of aquatic organisms [5]. Moreover,
disturbed areas also show higher nutrient transport in the rivers compared to forested watersheds [6].
As described by Karr [7], biotic integrity is the ability of an ecosystem to support and maintain
community composition in relation to the environmental conditions of a region. Biomonitoring using
benthic macroinvertebrates has been effectively used to assess water quality conditions in rivers,
in addition to the hydromorphological condition altered by poor land use practices in watersheds.
Thus, bioassessments are good means to define the biotic integrity status of an aquatic ecosystem.
Arimoro et al. [3] found that biological oxygen demand and the concentrations of nutrients were
important variables to define the macroinvertebrate’s structure of the Ogba River (Nigeria), a river
that receives discharges of wastewater from housing and farming. Blanchette and Pearson [8] reported
the influence of riparian vegetation, substratum type, depth and flow velocity on macroinvertebrate’s
assemblages in Burdekin catchment (Australia), where mainly agriculture takes place. In the
Mediterranean lowland Odelouca River (Portugal), Hughes et al. [9] found that land use and flow
velocity had an impact on the structure and functioning of macroinvertebrates due to surrounding
agricultural activities. Depending on the region and watershed, studies have found different key
variables explaining the structure and functioning of the macroinvertebrate community.
To date, limited information is available on the bioassessments and water quality of river basins
in the tropics [10], such as South America, where biodiversity is rich, but threatened by anthropogenic
influences [11]. Previous studies in the Guayas River basin using the BMWP-Col index were only
performed in one wetland area, where flow velocity and sediment type influenced taxa distribution,
abundance, richness and diversity [12]. The study of the Intag cloud forest region in northwestern
Ecuador also used the BMWP-Col index; however, no relation between environmental variables
and macroinvertebrates was identified [13]. Other studies used macroinvertebrate richness and
composition to define temporal and spatial changes [8,14]. A biological index for the region is still
lacking, despite several new indices that have been developed to better study the water quality,
such as the Índice Multimétrico del Estado Ecológico para Ríos Altoandinos (IMEERA) [15], the
Andean Biotic Index (ABI) [16] and the Neotropical Low-land Stream Multimetric Index (NLSMI) [2].
Moreover, water quality studies in the tropics, especially in South America, are still lacking; thus, the
relationship between macroinvertebrate communities and habitat disturbance is poorly understood in
these regions [16]. Consequently, it is difficult for decision makers to determine how to invest limited
financial resources to improve the water quality. Fortunately, previous studies have shown the benefits
of using ecological models in studying the water quality [17–20], despite the challenge in selecting the
variables to be included in the model due to the considerable impacts that multiple variables have
on water quality [18]. Hence, modelling can be a helpful means to support management actions by
identifying the key variables that need to be monitored.
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We investigated the importance of environmental conditions on the biotic integrity of the Guayas
River basin in Ecuador, based on macroinvertebrates. The Guayas River basin is an important
watershed in Ecuador [21], and its biotic integrity is at risk due to extensive agriculture and industrial
activities in the area [22]. To do so, we collected numerous environmental and biological variables
and generated one of the largest databases for the tropics. We used GLMs to determine the key
environmental variables influencing the biotic integrity. Furthermore, a sensitivity analysis was
performed to propose potential restoration or maintenance actions of the tropical river basins’
management, as well as for other river basins with similar environmental conditions.
2. Materials and Methods
2.1. Study Area
The Guayas River basin is located in the central-western part of Ecuador, covering an area of
32,112 km2. It has an average annual precipitation of 1662 mm and discharges on average 835 m3/s
into the Gulf of Guayaquil. The Daule-Peripa reservoir is located in the upstream part of the basin,
and a large part of the water flowing from the upper river basin is diverted to the reservoir. The
reservoir has a surface area of approximately 30,000 ha, a 6000 million-m3 water storage capacity and a
14,350-m3/s spillway natural maximum discharge. It was built for electricity generation, irrigation,
flood control and drinking water supply purposes [22–24]. The Guayas River basin consists of two
main rivers: the Daule and Babahoyo rivers.
In total, 120 sites were sampled (Figure 1). Thirty-two sampling sites were located in the
Daule-Peripa reservoir, and the remaining 88 sites were situated at the up- and down-stream locations
of the rivers within the Guayas River basin. The selection of sites was based on an expected gradient
of disturbance from pristine (mountainous, less intensive human activities, less populated areas, clear
water) to degraded (low elevation, intensive human activities, densely populated areas, colored water).
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Figure 1. Map indicating the 120 sampling sites and the two main rivers in the Guayas River basin.
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2.2. Data Collection
The sampling campaign took place from 23 October–26 November 2013, at the end of the dry
season (from July–November). There was no extreme weather, such as heavy rain, during the sampling
campaign, and since Ecuador is located in a tropical region, seasonal differences are not as distinct
as in temperate regions [25]. Biological (macroinvertebrates) and environmental (physical-chemical
and hydromorphological) variables were collected from each sampling site. Each site was sampled
once as a general assessment, not to investigate point sources of pollution. In total, 39 variables were
assessed (Tables 1 and 2), and no other data were used besides the collected data. Two YSI®6920-V2
(Yellow Springs, OH, USA) multiparameter probes were used to measure temperature, conductivity,
total dissolved solids (TDS), pH, chlorophyll, chloride, dissolved oxygen (DO) and turbidity; whereas
chemical oxygen demand (COD), total nitrogen (total N), total phosphorus (total P), nitrate-N, nitrite-N
and ammonium-N were measured in the laboratory using Hach-Lange®DR 3900 spectrophotometer
kits (Loveland, CO, USA).
Table 1. Mean, median, minimum, maximum and standard deviation of continuous variables measured
in 120 sampling sites.
Variables Unit Mean Median Min Max Std Dev # of Missing Values
Total N a mg/L 1.1 1.0 1.0 * 7.7 0.6 -
Total P a mg/L 0.5 0.5 0.5 * 4.5 0.4 -
Nitrate-N mg/L 0.4 0.2 0.23 * 2.0 0.3 -
Nitrite-N mg/L 0.0 0.0 0.02 * 0.8 0.1 -
Ammonium-N a mg/L 0.2 0.1 0.02 * 8.8 0.8 -
DO mg/L 7.5 7.8 2.0 13.6 1.7 -
COD b mg/L 17.0 13.3 5.0 * 117.6 14.9 30
Chlorophyll µg/L 5.6 3.1 0.7 66.8 8.7 -
pH a 7.7 7.6 6.6 8.9 0.5 -
Chloride a mg/L 7.3 2.5 0.5 181.7 22.8 -
Conductivity a µS/cm 200 123 37 1981 238 -
Temperature a ˝C 26.0 26.0 19.0 34.0 2.5 -
TDS a g/L 0.13 0.08 0.05 1.27 0.15 -
Turbidity Nephelometric Turbidity Units 9.8 3.4 0.0 355.6 35.1 -
Velocity m/s 0.2 0.2 0.0 1.5 0.3 -
Elevation m 135 82 2 1075 187 -
Average stream width b m 22.5 12.0 1.5 230.0 32.1 32
Average water depth b m 0.40 0.36 0.03 1.00 0.22 40
Notes: * Measurements below the detection limits are reported as the detection limits; a removed due to
collinearity based on the VIF value; b removed due to missing values.
The measurements of COD, total N, total P, nitrate-N, nitrite-N and ammonium-N were done
ex situ. Water samples were taken from each sampling site and were stored in a cool and dark
container before being analyzed in the laboratory. A different treatment was performed for each
variable using ready-to-use reagents and cuvettes that came together with the Hach-Lange®DR 3900
spectrophotometer kits (Loveland, CO, USA). The reading of the measurements was done using the
kits’ visible (VIS) spectrophotometer with a wavelength range of 320–1100 nm and a wavelength
resolution of 1 nm. Temperature, conductivity, TDS, pH, chlorophyll, chloride, DO and turbidity were
measured in situ. Each probe of the two YSI®6920-V2 multiparameter probes (Yellow Springs, OH,
USA) that contained different electrodes was inserted into a bucket containing a 10-L water sample.
The value of each variable was noted when the reading was stable. Flow velocity was measured
manually with a standard length of 5 m, using the float method, as described in the U.S. Environmental
Agency [26] protocol. Stream width and water depth were also measured manually using the tape
measure, while a Garmin GPSMap® (Kansas City, MO, USA) was used to measure elevation. Due to
a human error, the COD of 30 sites could not be measured; whereas due to practical limitations, the
width and depth of the sites located at the reservoir and at big rivers could not be measured either.
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Table 2. Definition of categorical variables assessed in 120 sampling sites, modified from
AUSRIVAS [27] and RHS [28].
No. Variables Categories Definition
1 Main land use
1. forest land covered by high density of trees, includes primary,secondary and tertiary forests
2. arable land used for agriculture or farm (e.g., maize)
3. residential land used for residential houses
4. orchard land used for fruits production(e.g., cacao, banana, mango)
2 Shading
0. no shading no shading at the sampling sites
1. partly shaded,
limited stretch <33% less than 33% of the sampling site is partly shaded
2. partly shaded,
longer stretch 33%–90% about 33%–90% of the sampling site is partly shaded
3. partly shaded,
whole stretch >90% more than 90% of the sampling site is partly shaded
4. completely shaded,
limited stretch <33% less than 33% of the sampling site is completely shaded
5. completely shaded,
longer stretch 33%–90%




more than 90% of the sampling site
is completely shaded
3 Type of macrophyte cover a
0. no macrophyte macrophytes are absent
1. interrupted macrophytes are not sharing a common border at morethan one intersection
2. contiguous macrophytes are sharing a common border at more thanone intersection
4 Main macrophytes
0. absent macrophytes are not present
1. submerged macrophytes macrophytes rooted in the bottom substrate withvegetative parts predominantly immerse
2. emerged macrophytes macrophytes rooted in the bottom substrate withvegetative parts emerging above the water surface
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Table 2. Cont.
No. Variables Categories Definition
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Table 2. Cont.
No. Variables Categories Definition
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21 Main sediment type
1. boulder se i e t co posed of substra es with diameterlarger than 256 m
2. cobble sedi ent co posed of substra es with diameterabout 64–256 mm
3. gravel sedi ent co posed of substra es with diameterabo t 2–64 m
nd sediment composed of substra es with diametert .062–2 mm
5. silt and clay s i ent composed of substrates with diameterabout 0.24–62 µm
Note: a Removed due to collinearity based on the VIF value.
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Information of the site and its surroundings was collected regarding land use, macrophytes,
riparian vegetation, river banks, channel types, flow types and sediment. We used a modified
field protocol based on the Australian River Assessment System (AUSRIVAS) physical assessment
protocol [27] and the United Kingdom and the Isle of Man River Habitat Survey (RHS) [28] to obtain
the data. In total, 21 variables were measured following different categories (Table 2).
Benthic macroinvertebrates were sampled using the standardized kick-net method as described
in Gabriels et al. [29]. The net had a mesh size of 500 µm and was attached to a 0.2 ˆ 0.3-m metal frame
and a 2 m-long handle. The sampling covered a stretch of approximately 10–20 m for 5 min and covered
all different habitats present at the site, such as the bed substrate, macrophytes, litter and parts of
terrestrial vegetation immersed in the water. Besides the kick-net method, macroinvertebrates were also
picked manually from stones and leaves to collect the highest possible richness of macroinvertebrates.
For sites located at the reservoir, the macroinvertebrates were sampled at the shorelines. Whereas for
sites located away from the shorelines, the macroinvertebrates were sampled from the macrophytes.
Macroinvertebrates were then sorted from the samples and were identified to the family level. The
identification was done based on the identification keys of De Pauw et al. [30] and Domínguez
and Fernández [31]. Each family was also identified for its functional feeding group (FFG) based
on Mereta et al. [32], Barbour et al. [33] and Helson and Williams [2], summarized in Table S1 with
relevance to the river continuum concept [34].
2.3. Biotic Integrity
The biotic integrity of each sampling site was calculated using the Biological Monitoring Working
Party (BMWP) adapted for Colombia (BMWP-Col) [35], based on Alvarez [36]. The BMWP-Col was
used since Ecuador does not have its own water quality index based on macroinvertebrates. This index
is considered an appropriate index for Ecuador, since Colombia has relatively similar environmental
conditions to Ecuador [37]. Moreover, Dominguez-Granda et al. [37] and Damanik-Ambarita et al. [38]
also used the BMWP-Col to assess the water quality in the Chaguana and Guayas river basins in
Ecuador, respectively. Damanik-Ambarita et al. [38] concluded that the BMWP-Col was more suitable
for the current study area, as compared to the Neotropical Low-land Stream Multimetric Index
(NLSMI), a locally-developed multimetric index that incorporates seven individual metrics [2]. The
BMWP-Col calculation was performed based on the macroinvertebrate community composition,
wherein each macroinvertebrate taxon is associated with a certain tolerance score. The tolerance score
ranged from 1 to 10 (Table S1), with low scores representing tolerant taxa and high scores representing
sensitive taxa. A BMWP-Col score of more than 100 represents good biotic integrity, 61–100 represents
moderate, 36–60 poor, 16–35 bad and 0–15 very bad biotic integrity [36]. Since elevation might
influence macroinvertebrate community composition, it might influence the BMWP-Col calculation.
Therefore, we also calculated the average score per taxon (ASPT) index to define a biotic integrity
that is independent of taxonomic richness and elevation. The ASPT values were then related with the
elevation and their correlation coefficient (R2) was calculated. A strong correlation would confirm
the influence of elevation on biotic integrity and vice versa. The ASPT was calculated by dividing
the BMWP-Col score with the number of taxa encountered per site, and it ranges from 0 to 10.
An ASPT score of more than 6 indicates clean water; 5–6 indicates doubtful quality; 4–5 probable
moderate pollution; and less than 4 indicates probable severe pollution [39,40]. The degree of habitat
degradation was calculated, as well, using an adapted habitat disturbance score (Table S2) as described
by Barbour et al. [33], Hruby [41], USEPA [42] and Mereta et al. [32].
2.4. Statistical Model
Our aim of making the model was to identify key environmental variables influencing the
presence of macroinvertebrates in the Guayas River basin, Ecuador. In total, 39 variables were
monitored (Tables 1 and 2). However, chemical oxygen demand (COD), stream width and stream
depth were removed before the analysis due to missing values. Furthermore, following the procedure
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described in Zuur [43] and Zuur et al. [44], 12 collinear variables were removed based on variance
inflation factors (VIF), wherein variables with VIF values higher than three were regarded as collinear.
Based on these pre-processing steps, 24 variables were included in the analysis (Tables 1 and 2). Next,
a generalized linear model (GLM) was used to determine key environmental variables influencing the
biotic integrity [43,45], expressed as BMWP-Col. The GLM was selected since it has been widely used
for ecological-related studies [22,46,47] and has proven its ability to study non-linear relationships, as
observed in our data. The continuous variables were not transformed (e.g., log-transformation) before
analysis to avoid difficult interpretation of the models afterwards, while categorical variables were
set as factors. We also did not remove outliers from the analysis, since they are real observations (not
technical errors) and to avoid reducing the number of observations. Besides, another advantage of
choosing the GLM is because the GLM can deal with extreme values, such as outliers [44].
We have used three-fold cross-validation to train and validate the GLMs. To do so, the complete
dataset was randomly split into three equal subsets. Each subset was used to validate the model, while
the remaining two subsets were used for model development [48]. This means that two parts of the
dataset were used for training and one part for testing. Prior to splitting, the dataset was stratified
based on the BMWP-Col classes. The use of the BMWP-Col classes in stratifying the dataset was based
on the study by Everaert et al. [18] who used the ecological quality ratio (EQR) status in their analysis.
To assess the robustness of the three-fold cross-validation, we compared the model developed based
on 2/3 of the data with a model that was developed based on the complete dataset. Hence, two sets of
models were inferred: models developed from and validated on the complete dataset (120 sites) and
models developed from and validated based on three-fold cross-validation (Figure S1).
Since the dependent variable (BMWP-Col) is continuous, we used a Gaussian distribution for
model development. The drop1 command was used to remove variables that did not contribute to
the model fit, starting from the variable with the least significant p-value. The drop1 command drops
one variable each time and for the Gaussian distribution performs an F-test based on residual sum of
squares of a full model [43]. The process was continued, and the Akaike information criteria (AICs) of
different model configurations were compared. Since a model with a lower AIC was regarded to better
fit the data, we looked for the model with the lowest AIC. However, models with the lowest AICs did
not always contain all variables with p-values significant at p < 0.05. To address the situation, variable
removal using the drop1 command was continued until we reached the models with all variables
significant at p < 0.1 and p < 0.05, respectively. Two p-value criteria were used to see the significant
difference among variables contained in models from different partitions. The stability of the results of
the models was evaluated by ranking the input variables based on their presence in each model. To
do this, each variable was listed according to its significance in the model (based on its p-value). The
variable lists from all models were then combined to get the final ranks of the variables. All analyses
were performed with R software Version 3.0.2 (25 September 2013); the drop1 command is available in
R without specific packages [49].
2.5. Sensitivity Analysis: Identifying Potential Restoration Actions
The sensitivity analysis assessed the effect of an explanatory variable towards the response
variable under a given situation [50–52]. The variables contained in the final models were selected to
illustrate the effects of changing their values on the biotic integrity expressed as the BMWP-Col. To
do so, other variables included in the models were assumed not to cause restrictions and set constant
to their median values. One variable, the one for which we assessed its influence on the response
variable (i.e., BMWP-Col), ranged between the minimum and maximum values of the monitoring data
(i.e., complete dataset). The analysis was done in a similar way for both continuous and categorical
variables, wherein the median, minimum and maximum values for categorical variables were based on
their description (Table 2). The median categories for categorical variables were the most encountered
categories. The results were then used as the basis of potential restoration actions to maintain good
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biotic integrity or to improve biotic integrity (based on the outcome of the BMWP-Col) by addressing
the variables selected in the models.
3. Results
3.1. Bioassessment Indices and Biotic Integrity
The biotic integrity based on the BMWP-Col ranged from 0 to 168 and 0 to 7.3 for the ASPT.
High values of both indices were observed at sites located at higher elevations having forested land
use and mountainous areas. High indices values were also observed at tributaries of the rivers
located at lower elevations (Figures S2 and S3). Generally, high BMWP-Col and ASPT values were
observed at sites with a low concentration of chlorophyll, nitrate-N and nitrite-N. High BMWP-Col
values were also witnessed at sites where DO concentrations ranged from 6 to 10 mg/L, turbidity
was lower than 20 Nephelometric Turbidity Units and flow velocity was higher than or equal to
0.2 m/s. A 90% of shading, a sludge layer of less than 5 cm and the presence of dead wood in the
rivers were related to a high BMWP-Col and ASPT (Figure 2 and Figure S4). Hence, both indices
indicated similar environmental conditions, as can be seen from their positive correlation (Figure S5).
Figures S2 and S3 indicated the elevation division of higher and lower than 250 m; therefore, we
plotted the FFG separately for sites located at elevation higher and lower than 250 m, as well as for
the reservoir (Figure S6). Collectors were dominant at both higher and lower than a 250-m elevation
(mean percentage 60.3% and 40.2%, respectively), while predators and collectors dominated the sites
at the reservoir (mean percentage 45% and 33%, respectively). The habitat disturbance score ranged
from 11 to 26 (Figure S7), where high index scores were found in both undisturbed (indicated by
high habitat disturbance scores) and disturbed (indicated by low habitat disturbance scores) habitats.
Despite the ASPT classification of poor scores indicating pollution, our data showed the possible cause
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Figure  2.  Relationship  between  environmental  variables  and  the  biotic  integrity  expressed  as   
BMWP‐Col,  classification  of  categorical  variables  are  based  on  Table  2;  compos:  composite,  nat: 
natural,  art:  artificial,  constr:  construction,  var:  variation,  part:  partly,  comp:  completely,  ang: 
angular, cob‐grav: cobble‐pebble‐gravel. 
3.2. Statistical Model 
We  found  that physical‐hydromorphological  (i.e.,  elevation,  sediment  angularity,  logs, main 
macrophytes,  flow velocity,  turbidity, bank shape and  land use) and chemical  (i.e., nitrate‐N and 
chlorophyll  concentration) variables  are  the main drivers of  the biotic  integrity  expressed  as  the 
BMWP‐Col.  In  total,  16  variables  were  selected  based  on  the  three‐fold  cross‐validation  (i.e.,   
nitrate‐N, chlorophyll,  turbidity,  flow velocity, elevation, sediment angularity, valley  form,  twigs, 
branches, logs, land use, bank slope, bank shape, main macrophytes, erosion and variation in flow). 






0.048,  0.048,  0.064,  0.067,  0.151  and  0.181,  respectively.  The  variables’  selection  is  presented  in   
Table  S3,  while  the  final  models  are  shown  in  Table  S4  together  with  their  ranks.  Fold  1   
(Training Set 1 + 2 and Testing Set 3) had the highest R2 value for testing set compared to other folds. 
The R2 values were 0.57 and 0.49 for Training Set 1 + 2 and Testing Set 3, respectively. Compared to 
other criteria,  the model with  the  lowest AIC gave  the highest R2 value  (Table S5). The results of 
other data partitions are presented in the Supporting Information (Tables S3–S5). Residual plots and 
model validation are presented in the Supporting Information (Figures S8–S23). For the model based 
on  the complete dataset, 10 variables were selected  that corroborated  the results of  the  three‐fold   
cross‐validation (Tables S6 and S7 and Figures S24–S32). 
3.3. Sensitivity Analysis 
Besides  elevation,  all other variables  in  the models were  also  investigated  in  the  sensitivity 
analysis to assess their effects on the BMWP‐Col values (Table S8). Here, we present the impacts of 
changing  the  elevation,  nitrate‐N  concentration,  sediment  angularity  and  logs  (Figure  3).  The 
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where chlorophyll concentrations were lower than 10 μg/L. Nitrate‐N concentrations higher than 0.5 
Figure 2. Relationship bet e e t l riables and the biotic integrity expressed as
BMWP-Col, classification of categorical vari l l ; pos: composite, nat:
natural, art: artificial, constr: construction, var: riation, part: artly, comp: completely, ang: angular,
cob-grav: cobble-pebble-gravel.
3.2. Statistical Model
We found that physical-hydromorphological (i.e., elevation, sediment angularity, logs, main
macrophytes, flow velocity, turbidity, bank shape and land use) and chemical (i.e., nitrate-N and
chlorophyll concentration) variables are the main drivers of the biotic integrity expressed as the
BMWP-Col. In total, 16 variables were selected based on the three-fold cross-validation (i.e., nitrate-N,
chlorophyll, turbidity, flow velocity, elevation, sediment angularity, valley form, twigs, branches,
logs, land use, bank slope, bank shape, main macrophytes, erosion and variation in flow). However,
different data partitions from the three-fold cross-validation resulted in varied selected variables and
significant levels.
Elevation was the most significant variable, while nitrate-N was the only nutrient variable that
came up in each criterion. For Training Set 1 + 2, 11 variables were selected based on the model with
the lowest AIC: elevation, main macrophytes, nitrate-N, sediment angularity, logs, land use, erosion,
chlorophyll, flow variation, velocity and bank slope, with p-values of 0.001, 0.013, 0.024, 0.027, 0.044,
0.048, 0.048, 0.064, 0.067, 0.151 an 0.181, re pectively. he variables’ selection is presented in Table S3,
while the final models are shown in Table S4 together with their ranks. Fold 1 (Tr ining Set 1 + 2 and
Testing Set 3) had the highest R2 value for testing set compared to other folds. The R2 values were
0.57 and 0.49 for Training Set 1 + 2 and Testing Set 3, respectively. Compared to other c iteria, the
m del with the lowe t AIC gave the highest R2 value (Table S5). The r ults of other data partitions
are presente in the Supporting Information (Tables S3–S5). Residual plots and model validation
are presented in the Supporting Information (Figures S8–S23). For the model based on the complete
dataset, 10 variables were selected that corroborated the results of the three-fold cross-validation
(Tables S6 and S7 and Figures S24–S32).
3.3. Sensitivity Analysis
Besides elevation, all other variables in the models were also investigated in the sensitivity analysis
to assess their effects on the BMWP-Col values (Table S8). Here, we present the impacts of changing
the elevation, nitrate-N concentration, sediment angularity and logs (Figure 3). The sensitivity analysis
of elevation clearly showed that the BMWP-Col increased from 35 (bad)–122 (good) if the elevation is
increased from 2 to 1080 m. Our data showed that a nitrate-N concentration higher than 0.6 mg/L
was associated with poor biotic integrity, whereas the sensitivity analysis suggested an improvement
in biotic integrity from 39 (poor) to 118 (good) for nitrate-N concentrations between 0 and 2.1 mg/L.
Due to this finding, we further checked the relationship between the nitrate-N and other variables
that might be related to nitrate-N, i.e., chlorophyll and dominant macrophytes. Several sites with
nitrate-N concentrations higher than 0.5 mg/L were found where chlorophyll concentrations were
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lower than 10 µg/L. Nitrate-N concentrations higher than 0.5 mg/L were also detected at sites where
macrophytes were absent or where floating macrophytes were present (Figure S33). More angular
sediment (sub-angular and round types) could promote the biotic integrity, and a similar improvement
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turbidity,  bank  shape,  land  use  and  chlorophyll  concentration  were  the  major  variables  that 
influenced  the  biotic  integrity  expressed  as  the  BMWP‐Col  in  the  Guayas  River  basin.  For 
Figure 3. The impact of changing the elevation (a); nitrate-N (b); sediment angularity (c) and logs
(d) on the biotic integrity expressed as BMWP-Col; each variable had a p-value < 0.05. The values
used in the analysis were based on Table S8, showing the median, minimum and maximum values for
sensitivity analysis.
The figures of other variables are given in the Supplementary Materials (Figures S34 and S35),
namely domi ant macr phytes, velocity, turbidity, bank s ape, land use and chlorophyll. The
sensitivity an lysis of d minant macrophytes suggested that the BMWP-Col will increase from 1 to 82
when floating macrophytes a e introduced into macrophyte-free rivers (Figure S34). Similarly,
by incr asing the flow velocity from 0 to 1.5 m/s the BMWP-Col will increase from 34 (bad) to
88 (moderate). A turbidity of higher t an 79 Nephelometr c Turbidity Units will negativ ly affect the
BMWP-Col, whereas a change in the river b nk will improve the BMWP-Col. Moreover, y changing
the land use from residential to arable, the BMWP-Col will increase from 0 (very bad) to 45 (poor),
and a decrease in chlorophyll concentration will promote the biotic integrity (Figure S35). The given
figures are chosen from the model with the lowest AIC where the variable had the most significant
p-value; for example, nitrate had the lowest p-value in the model resulting from Training Set 2 + 3.
4. Discussion
4.1. Biotic Integrity and Potential Restoration ctions
Elevation, nitrate-N concentration, sediment angularity, logs, main macrophytes, flow velocity,
turbidity, bank shape, land use and chlorophyll concentration were the major variables that influenced
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the biotic integrity expressed as the BMWP-Col in the Guayas River basin. For management purposes,
ensuring proper land use at different altitudes and monitoring the concentrations of nutrients that
enter the surface waters can address most of the aforementioned variables.
Elevation was present in all models and, thus, is an important variable explaining the observed
biotic integrity of the river basin. The importance of elevation in determining the water quality
has often been reported [14,53,54]. However, its impacts often depend on several physical and
chemical variables that are correlated with the altitude, such as temperature and oxygen levels, the
type of substrates (coarser sediment is present more at a higher elevation), flow velocity and the
level of disturbance related to land use and waste water discharges, due to less intensive human
activities at higher elevation. For example, Malmqvist and Maki [53] related the importance of
elevation with temperature, while Rezende et al. [14] linked elevation with the richness and density of
macroinvertebrates. Younes-Baraille et al. [54] found a correlation between the elevation and more
intensive human activities along the Andorran rivers. Intensification of human settlements at the
lower elevation in Andorra increases the organic and nutrients load into the water that consequently
decreases the water quality [54].
The elevation also influences the presence of macroinvertebrates. The river continuum concept
(RCC) suggested that upstream rivers are generally characterized by the presence of shredders due
to the rich presence of coarse particulate organic matter (CPOM) in the water, while downstream
rivers are generally characterized by collectors that take advantage of fine particulate organic matter
(FPOM) [34]. Our data showed the dominance of collectors at higher and lower elevations and low
presence of shredders at higher elevations, as opposed to the RCC for higher elevations [38]. The
RCC was observed at the reservoir, where predators and collectors were dominant. The land use
surrounding the sites and the type of sediments might influence the presence of FFG [55–58], and the
dry season might not provide enough CPOM upstream for the shredders to survive. The increased
temperature during the dry season might also negatively influence certain taxa [34].
Although one cannot alter elevation, the land use can be managed adequately at different
altitudes. Previous studies have shown the impacts of land use on the water quality, in relation
to the elevation. Different land uses at different altitudes are present in our study area, which means
that different management actions are needed. At higher elevations, preserving forest in mountainous
areas is necessary to maintain a low conductivity, low temperature, low turbidity, low TDS and
high DO concentration of the water [59]. Forest also provides food for macroinvertebrates, through
its leaf and wood litter [60], prevents nonpoint-source pollutants from entering the streams, and
enhances in-stream processing of pollutants [61]. Revegetation of riparian areas can decrease the
TDS concentration of the water, and its canopy cover also reduces water temperature [62]. Since
agricultural activities are more likely to occur in flatter landscapes [63], its proper management is
needed to preserve water quality. Ellison et al. [62] argued that reducing animal grazing in riparian
zones is a necessary management option, especially during the summer/dry season, because grazing
animals might degrade river banks, lower the water table, and increase water turbidity. Moreover,
proper regulation and management of agrochemical use are crucial to reduce the impacts on water
quality and macroinvertebrates [63]. Other options to improve the water quality are providing more
sanitary infrastructures [64] and installing a wastewater treatment plant [54] to treat urban wastewater.
Nevertheless, we suggest the exclusion of elevation from future studies to analyze environmental
impacts on the biotic integrity that is independent of elevation.
A second factor that influenced the biotic integrity was the concentration of nitrate-N in the
surface water. Generally, a nitrate-N concentration higher than 5 mg/L in surface waters indicates
pollution, and concentrations higher than 0.2 mg/L may stimulate algal growth and indicate eutrophic
conditions in lakes [65]. Our data confirm this principle, while the sensitivity analysis suggested
an improvement in biotic integrity with increasing nitrate-N concentration. Since aquatic plants
require nitrogen compounds as their nutrient source [66], perhaps our results explain this relationship.
Plus with regard to general conditions, there is the possibility of a turning point in the sensitivity
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analysis when the nitrate-N concentration has reached a certain tipping point, which we did not study.
The presence of nutrients, especially nitrate and phosphate, can also promote the concentration of
chlorophyll in surface waters. High concentrations of chlorophyll can indicate pollution, in particular
eutrophication [65]. However, our data did not show a positive relationship between nitrate-N
and chlorophyll. Garcia et al. [67] suggested that the increase in chlorophyll concentration is highly
influenced by long exposure of the surface water to sunlight and rapid uptake of nutrients by primary
producers, thus explaining the high chlorophyll concentration, but low nitrate-N concentration;
whereas a positive relationship between nitrate-N and macrophytes was observed at several sites,
especially at sites with the presence of floating macrophytes. Chapman [65] has discussed the role
of nutrients in the development of macrophytes, and Arimoro et al. [3] argued the importance of
macrophytes presence in the rivers to provide a suitable microhabitat for certain macroinvertebrates,
such as dipterans and odonatas, which was the case in the current study. Thus, macrophyte presence
can improve the biotic integrity. Moreover, Nguyen et al. [22] has confirmed a positive correlation
between water hyacinth (floating macrophytes) and macroinvertebrate’s diversity and the water quality.
O’Toole et al. [68] suggested an association between mesotrophic waters and most macroinvertebrate
taxa, whereas plecopterans are more associated with oligotrophic and chironomids and tubificids are
tolerant with eutrophic waters. Furthermore, the concentration of nitrate-N in our study was generally
low, even below the guidelines for surface waters from the Ministerio del Ambiente del Ecuador
(MAE, 13 mg/L) and the European Commission (EC, 50 mg/L) [69,70]. Our observed maximum
concentration of nitrate-N also equaled the appropriate maximum level to protect the most sensitive
freshwater species (2 mg/L) [71,72]. A previous study by Borbor-Cordova et al. [73] suggested that
some parts of the Guayas River basin have experienced nutrient loss and soil degradation due to their
intensive farming activities, in which the amount of nutrients that leave the soil through exported
crops is higher than the original soil content plus the applied chemical fertilizers [73]. This finding
suggests another possible explanation that the Guayas River basin might require a certain amount of
nitrate-N for its productivity. Nevertheless, future management of biotic integrity needs to keep the
concentration of nitrate-N lower than the guidelines.
We also found that angular sediment promotes the biotic integrity, since more angular sediment
allows macroinvertebrates to attach onto the sediment surface and avoid their drifting [74]. The
angularity or roundness of sediment indicates the amount of transport it had, and fine sediment
deposition in the water can reduce the angularity of the rock [75]. Regarding bank shape, several studies
suggested the importance of stable river banks to improve the water quality and the macroinvertebrate
community. Raymond and Vondracek [76], for example, suggested a positive correlation between
a stable river bank and the macroinvertebrate assemblage by converting conventional grazing to
rotational grazing in farming. Similar to land use management, Lester and Boulton [77] also suggested
that bank stability can be improved through the exclusion of grazing animals from river banks and
revegetation of the river banks.
Another key variable was the flow velocity, which is often highly diverse in a river basin.
Flow velocity is generally related to the elevation [20], the amount of rainfall and water transport
through the basin. Flow velocity is also linked with the substrate, land use and channel slopes
in the up-stream locations [60]. The importance of velocity in studying water quality was also
deduced by Hughes et al. [9] and Arimoro et al. [3]. A slow flow velocity allows the deposition of
fine sediments [78,79], which consequently inhibits water exchange and oxygen transport [80] and
supports nutrients and contaminants transfer [81] within the water, a condition that can be harmful to
aquatic animals. A high flow velocity provides more suitable habitat and offers continuous food and
oxygen supply for aquatic animals, thus improving the biotic integrity [37,82,83]. However, altering
the flow velocity of the rivers is difficult, especially in low-land areas, where flow increase can only be
induced by a lower water use (e.g., irrigation) or the removal of obstructions at the upstream, such as
hydropower dams.
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At the downstream parts of the rivers and at tributaries that were disconnected from their main
channels, we observed elevated levels of several environmental variables, such as conductivity. We
assume that this is related to the seasonality, where the late dry season is usually characterized
by the lower water quality conditions of the surface waters, since environmental variables have
reached their extreme levels. Generally, temperature, conductivity, chlorophyll and turbidity highly
increase through the dry season [8,10,67]. The temperature, pH, conductivity, turbidity and DO
vary temporally, and more specifically, the temperature follows seasonal trajectories, while DO can
vary significantly within a 12-h period at similar depths [8]. Low nutrient levels, but increasing
chlorophyll and primary production through the dry season indicate rapid nutrient uptake by primary
producers due to long exposures to sunlight [67]. Increasing disturbance also influences the presence
of more tolerant macroinvertebrates, and the interruption from upstream assemblages during the
dry season reduces macroinvertebrates abundance and diversity. However, macroinvertebrates’
responses towards environmental changes might vary spatially and across habitats [2,8,38,67]. The
dry season is also characterized by low flow periods, whereas high flooding flows characterize the
wet season. During the wet season, wet season floods support ecosystem replenishment, and habitat
conditions are getting more stable when floods recede, which then allows the settlement and growth
of macroinvertebrate communities [38,67]. However, we could not compare the conditions during
dry and wet seasons, since the sampling campaign was only performed at the end of the dry season.
Moreover, Greenwood and Booker [84] stressed the importance of studying the temporal variations
of hydrological and ecological data to capture the full picture of aquatic systems and to define the
response of aquatic organisms towards disturbances. Because our sampling campaign was only
performed once and within a short period, we also could not assess the degree of hydrological and
ecological variability of the rivers over time, as well as the variations in community compositions.
Thus, continuous monitoring of the aforementioned variables during dry and wet seasons can provide
better understanding of the temporal variations of the biotic integrity of the river basin.
4.2. Model Development and Validation
Dealing with a complex and dynamic system in aquatic ecology, the correlation coefficient
R2 values of all models, both models using the complete dataset and those using three-fold
cross-validation, indicated a good model fitness to predict the biotic integrity. We tested the robustness
of the outcome of the modelling exercises and found that models based on the complete dataset had
similar R2 values for development and validation. However, when assessing each of the separate
folds, we observed that the R2 values of the training datasets ranged from 0.52 to 0.62, and the
validation datasets ranged from 0.31 to 0.49. However, certain variables were always selected as
key variables, despite their relative p-values. As such, the use of cross-validation is helpful to avoid
the model overfitting. Cross-validation also allows model validation using an independent dataset
without reducing the number of samples that can be used [43]. Thus, this shows the importance of the
variable’s ranking in defining the most influencing variables from all key variables, instead of choosing
one best model. This way, more options are available for monitoring and restoration actions. However,
we recommend the use of the lowest AIC to select the best model in future studies.
The parameter used to stratify the dataset before splitting was assumed to be the cause for the
presence of several ‘outliers’ in the residual plots of the models. Most of them represented the same
sites with very high BMWP-Col values within the dataset. The models under-predicted the biotic
integrity values as compared to the actual values, while the remaining few other sites were overly
predicted. These results suggested that the models can predict the biotic integrity within a certain
range of values. To improve model performance, we recommend that future studies can be done by
splitting the dataset based on the BMWP-Col values, instead of its classes. We also recommend to
analyze the reservoir, up- and down-stream parts of the river basin separately.
Our results proved the ability of GLMs to determine the relative importance of each environmental
variable towards the biotic integrity and macroinvertebrate communities in particular, which is an
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advantage over other techniques, such as ANN [47,52]. However, we also experienced one limitation
of using GLMs as compared to other techniques. The GLM is unable to deal with missing data, whereas
Bayesian belief networks (BBN) can easily deal with this issue [20]; thus, we needed to remove variables
with missing values (i.e., COD, stream width and stream depth) before starting the model selection
process [43]. Nevertheless, recommending the use of one particular model for a given problem is
practically impossible, and each study may require a different modelling technique [85].
5. Conclusions
We found that the physical-hydromorphological (i.e., elevation, sediment angularity, logs, main
macrophytes, flow velocity, turbidity, bank shape and land use) and chemical (i.e., nitrate-N and
chlorophyll concentrations) variables were the major variables that influenced the macroinvertebrates
of the Guayas River basin in Ecuador. We analyzed the relevance of the variables via a sensitivity
analysis, and cross-fold validation provided insights for the stability of the outcomes. To restore and
protect river ecosystems and their functions, and in particular, macroinvertebrate communities, policy
actions need to focus on alterable variables, such as the land use at different elevations, management
and monitoring of nitrate-N and chlorophyll concentrations, macrophyte presence, sediment transport
and bank stability.
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Abbreviations
The following abbreviations are used in this manuscript:
BMWP Biological Monitoring Working Party
BMWP-Col Biological Monitoring Working Party adapted for Colombia
IMEERA Índice Multimétrico del Estado Ecológico para Ríos Altoandinos
ABI Andean Biotic Index
NLSMI Neotropical Low-land Stream Multimetric Index
ASPT average score per taxon
GLM generalized linear model
ANN artificial neural networks
BBN Bayesian belief networks
TDS total dissolved solids
DO dissolved oxygen
COD chemical oxygen demand
Total N total nitrogen
Total P total phosphorus
Std dev standard deviation
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AUSRIVAS Australian River Assessment System
RHS the United Kingdom and the Isle of Man River Habitat Survey
FFG functional feeding group
VIF variance inflation factor
EQR ecological quality ratio
AIC Akaike information criterion
RCC river continuum concept
CPOM coarse particulate organic matter
FPOM fine particulate organic matter
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